Global food production is reliant on the application of finite phosphorus (P) fertilisers. 10
component outer membrane transport system, termed SusCD (archetypal form, Starch 73 utilisation system). SusC is a transmembrane TonB-dependent transporter (TBDT) and SusD 74 is the ligand-binding lipoprotein cap 29 . SusCD complexes are usually constituents of 75 specialised operons, termed polysaccharide utilisation loci (PUL). The specificity of the SusCD-76 complexes allows Bacteroidetes to grow on a variety of polysaccharides 30,31 and these 77 transporters are used for predicting the in situ degradation of plant or algal-derived 78 polysaccharides 32 . 79
In the rhizosphere, Flavobacteriaceae typically account for 5-65% of the microbial 80 community associated with various agriculturally important crops 20,21, 24, [33] [34] [35] . Indeed, 81 Flavobacteriaceae abundance in the rhizosphere is usually significantly higher than that of the 82 surrounding bulk soil, suggesting that the plant microbiome provides a distinct niche for 83
Flavobacteriaceae to occupy 20, 24, 33 . Flavobacteriaceae have been shown to play a role in 84 defence against plant pathogens and can provide beneficial effects on plant growth, including 85 P solubilisation, the production of plant growth hormones and antimicrobial production 36-41 . 86 In response to the realisation that Flavobacteriaceae are abundant in plant microbiomes, 87 successful efforts have been made to develop suitable media for their cultivation 42 . However, 88
unlike Pseudomonas, Bacillus and Streptomyces, Flavobacteriaceae have not been extensively 89 screened for their phosphate mobilisation capabilities. This is despite the fact that 25% of the 90 isolates obtained from the Barley rhizosphere were related to Flavobacteriaceae (compared 91 to less than 5% for Pseudomonas) and these contributed almost 50% of the potential 92 microbial P-turnover 33 . 93 In this study, we utilised a newly developed medium 42 to isolate novel strains from the 94 rhizosphere of the economically important crop Brassica napus L. (oilseed rape, OSR), grown 95 under field conditions. The aim of the study was to identify the genes and enzymes expressed under Pi depletion in laboratory conditions to determine the phosphate-stress response 97 (PHO) regulon of this understudied family. This would enable the potential identification of 98 novel enzymes with biotechnological capability as well as identify biomarkers for future 99 metaproteomic studies in situ. Our results revealed that Flavobacteriaceae exhibit unusual 100 phosphatase activity, express a novel suite of Pi-responsive enzymes and also use novel 101 mechanisms for Pi transport. 102 OSR004 possessed genes (pstSABC) encoding the high affinity Pi transporter, PstSABC, though 145 all nine strains possessed a gene predicted to encode the low-affinity Pi transporter PitA. All 146 nine strains lacked PhoD, typically one of the most abundant APases found in soils and soil-147 dwelling bacteria 43 . F. johnsoniae DSM2064, F52, LOA-5 and four out of the six OSR isolates, 148
including TSA_1_4_3, possessed one or two genes with homology to PhoA (pfam00245) 149 though the identity of the translated amino acid sequences was low (~25% identity to E. coli 150 PhoA, Figure S1 ). Furthermore, BLASTP (using either P. putida BIRD-1 or Ruegeria pomeroyi 151 DSS-3 as queries) or Pfam searches only detected the presence of PhoX in TSA_1_4_3, the 152 APase responsible for the vast majority of phosphatase activity in rhizosphere-dwelling 153
Pseudomonas and marine Roseobacter strains 13, 44, 45 . In contrast, all strains possessed a 154 homolog of the gene encoding the beta-propeller phytase within their genomes (Table S2) . 155 156
Proteomic response linked to Pi mobilisation 157
To determine the proteomic response of Flavobacterium strains to Pi-depletion, the 158 nine Flavobacterium strains were subjected to growth under Pi replete or Pi deplete 159 conditions. Unfortunately, for OSR002 we were unable to adequately extract exoproteins due 160 to this culture's inability to form a coherent cell pellet following centrifugation. Based on their 161 exoproteomes, all eight strains elicited a clear proteomic response to Pi depletion (Figure 3,  162   Table S3 -S10). Interestingly, we identified numerous proteins that were either very distinct 163 compared to previously characterised Pi acquisition proteins 8,13,14 , were completely novel 164 proteins of unknown function, or were novel Pi-stress response proteins containing Pfam 165 domains linked to broad protein families. The major findings from these exoproteomics data 166
can be categorised into three major categories described below. 167 during Pi-depletion, these predicted APases did not form a major component of the Pi-178 deplete Flavobacterium exoproteomes (Table S4 -S10). In particular, in DSM2064, PhoA1 179 (Fjoh_3249) was not detected and only a few peptides belonging to PhoA2 were detected in 180 two Pi-deplete replicate cultures. However, all Flavobacterium strains did secrete a predicted 181 lipoprotein in response to Pi-depletion that was frequently among the top five most abundant 182 and the most differentially expressed exoproteins (Figure 3 , Tables S3-S10). Further 183 bioinformatics analysis revealed this protein has a region with weak homology to DUF849 184 (Expected value ~-6 -11 ), that is typically associated with PhoX. However, the Flavobacterium 185
PhoX-like proteins are phylogenetically distinct compared to PhoX found in other taxa, such 186
as Proteobacteria, Actinobacteria and other Bacteroidetes ( Figure S3 ). In addition, all strains 187 also up-regulated one or two lipoproteins (Fjoh_4721 and Fjoh_4723 in DSM2064) containing 188 the Pfam04321 domain found in the characterised periplasmic endonuclease_1 (EndA) of E. 189 coli, Vibrio cholerae and Aeromonas hydrophila 46 . The Flavobacterium EndA-like exoproteins 190 are over twice the length of Gammaproteobacteria-related EndA homologs and are 191 phylogenetically distinct, likely due to differences in their cellular localisation ( Figure S4 ). In a few strains, some of these phosphodiesterases and phoshomonoesterases were co-localised 193 in low Pi-responsive clusters, which also contained TBDTs, sugar P permeases, a novel P-194 related transporter (discussed in the next section), predicted intracellular and extracellular 195 nucleases, oxidoreductases, metal-dependent hydrolases and a putative phosphonate 196 hydrolase (PhnX) ( Figure S5 ). Seven of the nine strains also expressed a lipoprotein containing 197 a predicted endo/exonuclease/phosphatase domain (Pfam_03372). This exoprotein 198 (Fjoh_0074 in DSM2064, Table S2 -9) was expressed in both conditions and very abundant in 199 some isolates (F52) and is therefore a candidate for the constitutive APase activity. to Pi depletion ( Figure 4A ). Furthermore, all isolates, whose genomes lacked the high affinity 207
Pi transporter PstSABC (7/8), abundantly expressed one or two particular forms of SusCD, 208 hereafter termed Phosphate utilisation system (Pus)CD1 and PusCD2 ( Figure 4A and B). The 209 genes (pusCD1 and pusCD2) encoding PusCD1 (Fjoh_4168 in DSM2064) and PusCD2 210 (Fjoh_3250) were co-localised with various phosphatase/esterase-like genes, including phoA1 211 ( Figure 4C ). pusCD1 and pusCD2, were not found in the genome of OSR_004, which did 212 possess pstSABC. Searching 100 Flavobacterium genomes deposited in the Integrated 213 Microbial Genomes database (Table S12) further confirmed that the presence of pusCD1, and 214 to a lesser extent pusCD2, was coincident with a lack of pstSABC ( Figure 4D ). pusD3 that of pusD2. pusD4, pusD5 and pusD6, were all co-localised with novel clusters potentially 217 involved in P catabolism, based on our genomic and proteomic analyses ( Figure 4C and S5). 218 SusD1, SusD2 and to a lesser extent SusD3 are more highly conserved than SusD4/5/6, 219 indicated by very short branch lengths in their respective clusters ( Figure 4B ). Concurrently, 220 genes encoding the previously characterised Pi-insensitive SusCD complexes ( Figure 4A ) were 221 typically found in operons with genes encoding various different stages of polysaccharide 222 catabolism, for example, glycosyl hydrolases and carbohydrate-binding proteins found in the 223 CAZyme database. Various predicted SusC/TBDT that did not have a corresponding SusD 224 domain also responded to Pi-depletion. This included a TBDT associated with a 3-phytase 225 (PusC8) in these Flavobacterium isolates as well as one whose gene is located adjacent to 226 phoBR (PusC9, Fjoh_0545 in DSM2064) ( Figure 4A ). The genes corresponding to some PusC-227 like proteins were co-localised with predicted sugar phosphatase permease-like transporters 228 which were also expressed during Pi depletion, as well as found in operons with highly 229 expressed lipoproteins discussed next. 230 231 Flavobacterium strains abundantly express three related hypothetical lipoproteins in 232 response to Pi-depletion 233
During growth under Pi-deplete conditions, most Flavobacterium strains abundantly 234 expressed three related hypothetical lipoproteins of unknown function, termed FI, FII and FIII. 235 SWISS homology modelling showed that all three forms have structural features tentatively 236 associated with pectate lyases/polygalacturonases ( Figure 5A ). However, phylogenetic 237 analysis showed that these Pi-responsive forms are very different to characterised bacterial 238 and fungal polygalacturonases and their apparent 'true' orthologs in Flavobacterium (Figure  239 5B). In DSM2064 (Fjoh_3856) and L0A5 (KNELKNMD_01352), FI was the most abundant protein detected in exoproteomes of Pi-deplete cultures. FI was expressed by all other 241 isolates, albeit at a lower abundance, apart from F52 and WB32, which both lacked the 242 corresponding gene. The gene encoding F1 was co-localised in a six-gene operon, which 243 contained various predicted exoproteins, and was entirely expressed during Pi-depletion in 244 the majority of strains (Figure 3 , orange circles and squares and Figure 5C ). FII (Fjoh_0546 in 245 DSM2064) was a major constituent of the Flavobacterium exoproteomes during Pi-depletion. 246
The gene encoding FII was co-localised with phoBR, oprP and another tbdt (also expressed 247 during Pi depletion) ( Figure 5D ). In F. johnsoniae DSM2064, F52 and TSA_1_4_3, another gene 248 was located at the end of this cluster and the corresponding hypothetical lipoprotein it 249 encodes was also a major constituent of their exoproteomes during Pi-depletion ( Figure 3 , 250 pink circles, and Figure 5D ). The third form (FIII -Fjoh_4889 in DSM2064) was also expressed 251 in the majority of strains during Pi depletion, but at a lower abundance. 252
Taken together, these exoproteomic data reveal there are numerous novel 253 extracellular enzymes and transporters linked to the Flavobacterium PHO regulon. This 254 demonstrates that this genus has unique mechanisms to acquire P similar to their distinct 255 carbon acquisition strategies. 256 257
Genomic comparison of the Flavobacterium PHO regulon among other Bacteroidetes 258
isolates 259
Compared to their core metabolic and housekeeping genes, the eight Flavobacterium 260 strains showed a high degree of variation in their P acquisition genes ( Figure 6A and B). Whilst 261 most strains possessed susD1, oprP, bpp (encoding a beta-propeller phytase), the majority of 262 other genes (e.g phoA1, phoA2, phoX, fjoh_4721/3, fjoh_0545, fII) showed either an 263 inconsistent distribution among the isolates or higher sequence variability ( Figure 6B , full details in S13). OSR_004, which was the most phylogenetically distinct isolate, also showed 265 least conservation of the PHO regulon. The variability in PHO regulon associated genes was 266 not mirrored in the variability of housekeeping genes (gyrB, recA, dnaK) or phoBR, which all 267 maintained a very high level of sequence similarity between the eight isolates. 268
To better understand the conservation of these low Pi-responsive genes/proteins 269 throughout the Bacteroidetes phylum, we again analysed the 100 Flavobacterium genomes. Figure 7A ). To determine which other APases were responsible for the residual activity in 284 vivo, we heterologously expressed several other putative Flavobacterium APases, as well as 285 phoX:2064, in an APase knockout mutant of Pseudomonas putida BIRD-1 (phoX:BIRD-1). 286
These candidate Flavobacterium APases consisted of two genes (fjoh_3187 and fjoh_3249) 287 encoding the PhoA-like proteins, as well as the putative phosphatases encoded by fjoh_3414 and fjoh_4173. The native phoX:BIRD-1 and phoA from E. coli were used as controls. The 289 native phoX:BIRD-1 and E. coli phoA both restored APase activity in the Pseudomonas mutant 290 ( Figure 7B ). However, neither phoX:2064, nor fjoh_3414 and fjoh_4173 produced any 291 detectable APase activity. Both phoA1 (fjoh_3249) and phoA2 (fjoh_3187) restored APase 292 activity in the Pseudomonas null mutant, demonstrating these forms are bona fide APases. 293 Subsequent mutation of both phoA genes in F. johnsoniae resulted in a 36% reduction in Pi-294 deplete APase activity suggesting that they are expressed during Pi-depletion, despite the fact 295 that PhoA1 was not detected in the exoproteome of F. johnsoniae DSM2064 and PhoA2 was 296 at very low abundance (Table S3 ). Finally, we hypothesised that another lipoprotein, 297 predicted to be a member of the endonuclease/exonuclease/phosphatase superfamily, 298 encoded in F. johnsoniae DSM2064 by fjoh_0074, may play a role in the constitutive APase 299 activity observed during Pi-replete as well as Pi-deplete conditions. A quadruple knockout 300 mutant ( fjoh_0074: fjoh_2478: fjoh_3249: fjoh3187) showed a 53% reduction in Pi 301 deplete APase activity but no significant effect on Pi replete APase activity ( Figure 7A ). We 302 confirmed residual APase activity in our various mutants, as well as our heterologous 303 expression Pseudomonas strains, using a plate screening method, where a blue colour is 304 indicative of APase activity ( Figures S6 & S7) . In summary, we identified three APases (PhoX-305 like, PhoA1, PhoA2) that are collectively responsible for approximately half of the observed 306
Pi-deplete APase activity in F. johnsoniae, although the role of Fjoh_0074 is still uncertain. 307
Thus, F. johnsoniae clearly expresses unique and, as yet unidentified APases that are unlike 308 any previously characterised forms. 309
As we identified several SusCD complexes (PusCD) whose expression was induced during Pi-313 depletion along with other co-localised genes predicted to act as phosphoestereases, we 314 hypothesised that these transporters play a role in P acquisition in a similar manner to 315 PstSABC or other ATP-binding cassette (ABC) transporters such as PhnDEF (phosphonates) or 316 UgbABC (phosphodiesters). We screened 100 phylogenetically distinct plant-associated 317 bacterial genomes (Table S12 ) and discovered that all non-Bacteroidetes strains possessed 318
PstS, whilst the various pusD forms were exclusive to Bacteroidetes genomes ( Figure 8A ). We 319 therefore mutated pusCD1 and pusCD2 in F. johnsoniae to determine the role of these outer 320 membrane complexes in Pi-acquisition. Mutation of both pusCD complexes 321 ( pusCD1: pusCD2) did not result in any statistically significant differences in growth rate 322 across a range of Pi concentrations compared to wild type ( Figure 8B ). In contrast, direct 323 growth competition experiments between the mutant and wild type showed a small, but 324 consistent fitness defect of the pusCD1: pusCD2 mutant compared to the F. johnsoniae 325 DSM2064 wild type across a range of Pi concentrations strongly implicating these PusCD 326 complexes play a role in Pi acquisition. 327
Discussion 328
Flavobacteriaceae have recently been shown to be major constituents of the plant 329 microbiome yet we know very little about their physiological and thus functional role within 330 this niche 20,28,48 . Whilst recent evidence has demonstrated they have a potentially unique role 331 in rhizosphere carbon cycling 27 , knowledge regarding their potential to mobilise P is very 332 limited. Therefore, our ability to determine their importance and potential for exploitation 333 remains unclear. Here, we observed that Flavobacterium isolates exhibit superior APase 334 activity compared to Pseudomonas, especially at lower pH ranges more aligned to conditions 335 in the rhizosphere ( Figure 1A) . Moreover, we also discovered that Flavobacterium exhibited APase activity irrespective of excess Pi concentrations ( Fig. 1A) , which is a unique and 337 potentially important trait in the context of sustainable agriculture 6,7,40 . 338
We therefore sought to determine the components of the Flavobacterium PHO 339 regulon, one of the cell's major regulatory networks that helps to mobilise different forms of 340 recalcitrant Po and Pi 8 . Utilising exoproteomics 49 , we revealed that Flavobacterium isolates 341 express novel genes and gene clusters which we predict may access complex forms of Po 342 within the rhizosphere. In support of this, the Flavobacterium strains abundantly secreted 343 numerous proteins whose genes were enriched in genomes of plant-associated isolates 344 ( Figure 6 ). In particular, the hypothetical lipoproteins FI (and associated gene cluster), FII and 345 FIII, which were abundantly expressed in the majority of strains tested during Pi-depletion, 346 are present in a significantly higher number of plant-associated Flavobacterium genomes 347 compared to soil and aquatic strains, especially seawater ( Figure 6B complexes, termed here PusCD, that are expressed during Pi-depletion in a conserved 362 manner across different Flavobacterium isolates. This suggests a novel role for these poorly 363 characterised transport systems. Based on our exoproteomic, genomic and experimental 364 data, we have two unresolved hypotheses for these transport systems: PusCD complexes are 365 involved in 1) high affinity uptake of Pi, akin to the traditional PstSABC transport system 2) 366 they have evolved to help plant-associated Flavobacteria acquire P from Po complexes 367 typically found in the rhizosphere. Our experimental data suggests that PusCD1/PusCD2 368 indeed play a role in Pi acquisition given the fitness defect of the pusCD1:pusCD2 double 369 mutant in competition experiments with the wild type across a range of Pi concentrations 370 ( Fig. 8C) . Moreover, our exoproteomic and genomic data clearly showed that PusCD1 and 371
PusCD2 were abundantly expressed in plant-associated Flavobacterium strains that lack 372 pstSABC, which is the most conserved constituent of the bacterial PHO regulon across all taxa 8 373 and the major high affinity Pi transporter in most bacteria e.g. Pseudomonas 13, 44, 54 , 374
Synechocystis 55 , Prochlorococcus 56 , Streptomyces 57 , Bacillus 14 and Pelagibacterales 9 . 375
Phylogenetic analyses also revealed that SusD1 and SusD2 may have evolved to transport Pi 376 as they share a high degree of within genus conservation, which is usually associated with a 377 specialised role in binding ligands that are structurally simple 32 would be a completely novel mechanism for Pi transport, where ligand binding and active 393 transport takes place at the outer membrane (as opposed to the periplasm and inner 394 membrane using pstSABC), potentially concentrating the periplasm with Pi, that is 395 subsequently transported to the cytoplasm through a permease, PitA. 396
Po often accounts for the majority of total P in soils and in agricultural systems this is 397 set to rise with the increased use of organic P fertilisers, primarily from manure and other 398 waste materials 4 . Despite this, research and practices tend to focus on the availability of Pi 399 and often neglect the Po cycle 6,7 . PhoD and PhoX are frequently used as molecular markers to 400 determine APase activity in agricultural soils 43,60,61 due to their high expression and 401 contribution to APase activity in traditional environmental laboratory isolates such as 402
Pseudomonas 13, 44 , Bacillus 62 and Sinorhizobium 63 . For the first time, we have shown that 403 rhizosphere-dwelling isolates related to Flavobacterium and Bacteroidetes more generally 404 express constitutive APase activity even in the presence of excess Pi. Therefore, Bacteroidetes 405 offer potential novel solutions to aid in the recovery of Pi in soils and wastewater treatment 406 plants. Interestingly, although the abundantly secreted Flavobacterium PhoX, which is part of the APase activity under Pi-depletion, this protein did not restore APase activity in a 409
Pseudomonas APase null mutant ( Figure 7B ). Unlike, Pseudomonas PhoX, which is 410 translocated to the outer membrane through interaction of the Twin-Arginine Translocation 411 (TAT) pathway and type II secretion pathway 64 , Flavobacterium PhoX contains a signal peptide 412 associated with secretion via the sec pathway. However, how Flavobacterium PhoX is 413 transported to the outer membrane remains unknown. Flavobacterium PhoX homologs do 414 not contain the C-terminal domains (CTD) associated with secretion via the type IV secretion 415 system found in numerous Bacteroidetes including F. johnsoniae 47, 65 . Understanding, the 416 secretion mechanism of PhoX and other secretory APases is essential for exploring their 417 potential discovery in functional metagenomics screening approaches. Interestingly, only the 418 two PhoA-like homologs elicited heterologous APase activity in the P. putida phoX mutant 419 despite the fact that their expression was patchy and weak across the eight isolates tested. 420
PhoA is generally considered to be associated with enteric bacteria and other human-421 associated bacteria 16,66 . Thus, it is interesting that phoA1 and phoA2 are enriched in plant-422 associated genomes. The fact that our quadruple APase mutant only resulted in a ~50% 423 reduction in inducible APase activity ( Figure 7A ), suggests Flavobacterium possesses 424 redundant and unique APases which may act on different fractions of Po found in soil and the 425 rhizosphere. From our exoproteomic dataset, there are at least 20-30 potential candidates 426 that may explain the APase activity in F. johnsoniae DSM2064 which will require a significant 427 amount of further investigation. It is tempting to speculate that under Pi-replete conditions 428
Flavobacterium strains express APases to access the carbon associated with Po-containing 429 compounds, which would ultimately mobilise Pi in the rhizosphere. 430
In conclusion, a combination of whole cell physiology, exoproteomics, comparative constitutive APase activity, possesses unique molecular mechanisms for Pi-acquisition. In 433 addition to expressing novel gene clusters with potentially unique substrates specificities, 434
Flavobacterium likely express multiple uncharacterised APases. Furthermore, we have 435 identified for the first time, a group of SusCD complexes that appear to play a role in Pi-436 acquisition. This study paves the way for further exciting research on the physiology of 437
Flavobacterium strains and their potential exploitation as microbial tools in sustainable 438 agriculture. 439
Materials and Methods 440

Isolation and growth medium used for cultivating Bacteroidetes 441
Flavobacterium johnsoniae DSM2064 (UW101) was purchased from the Deutsche Sammlung 442 von Mikroorganismen und Zellkulturen (DSMZ). Flavobacterium sp. F52, which was isolated 443 from the rhizosphere of bell pepper 67 and Flavobacterium sp. L0A5, which was isolated from 444 the rhizosphere of a desert plant (Cytryn, unpublished data) were both kindly donated from 445 the Cytryn Lab, Agricultural Research Organisation, Israel. Strains were routinely maintained 446 on casitone yeast extract medium (CYE) 68 containing casitone (3 g L-1 ), yeast extract (1 g L-1 ), 447
MgCl2 (350 mg L-1 ) and 30 g L-1 agar. To isolate all other strains a modified R2A medium 448 developed by 42 was used. Briefly, the medium was made in two parts and autoclaved 449 separately. Each solution comprised: Solution A, yeast extract (1.0 g L −1 ), tryptone (0.5 g L −1 ), 450 peptone (1.5 g L −1 ), starch (1.0 g L −1 ), glucose (1.0 g L −1 ), and agar (30 g L −1 ); Solution B, 451 K2HPO4 (0.6 g L −1 ), MgSO4 (48 mg L −1 ), and sodium pyruvate (0.6 g L −1 ). Cyclohexamide (100 452 mg L -1 ) and Kanamycin (40 mg L -1 ) were added to reduce fungal and non-Flavobacterial 453 growth. To investigate the effect of Pi-depletion on the Flavobacterium strains, each was culture onto LB. To distinguish between the wild type and mutant, we took advantage of a 478 previous wild type variant that had lost the majority of its yellow pigmentation, but had no observable effect on growth. Therefore, we constructed the susCD knockouts in this strain 480 variant. Plates counts were performed for T0 to ensure the correct 1:1 ratio was achieved. 481
Quantification of alkaline phosphatase activity 482
The protocol was identical to Lidbury et al., (2016) . Briefly, a 0.5 mL culture (n = 3) was 483 incubated with 20 μL para-nitrophenyl phosphate (pNPP) (final conc. 4 mM) and incubated at 484 room temperature until colour development started to occur (roughly 5-20 min). The reaction 485 was stopped using 25 μL 2 mM NaOH and incubated for 10 min. Cell debris and precipitants 486 were removed via centrifugation (2 min, 8,000 × g) prior to spectrophotometry (405 nm). A 487 standard curve for para-nitrophenol was generated using a range of known concentrations 488 (0, 4, 8, 25, 50, 75, 100 mg mL −1 ). 489
Exoproteomic analysis of the Flavobacterium isolates 490
For each isolate, 50 mL cultures (n=3) were grown overnight (~16 h) under either Pi-deplete 491 (50 M) or Pi-replete (1.4 mM) conditions. To capture the exoproteome we followed the 492 method described by Lidbury et al., (2016) 13 . Briefly, cells were pelleted at 4,000 rpm @ 
Mutagenesis of Flavobacterium johnsoniae DSM2064 520
To construct the various phosphatase and pusCD mutants in DSM2064, the method 521 developed by 73 was used. A full list of primers used in this study can be found in Table S14 . 522
Briefly, two 1-1.6 kb regions flanking each gene/gene operon/gene pair were cloned into 523 plasmid pYT313 74 using the HiFi assembly Kit (New England Biosciences). Sequence integrity 524 was checked via sequencing. The resultant plasmids were transformed into the donor strain 525
Escherichia coli S17-1 and mobilised into Flavobacterium via conjugation (overnight at 30 o C). 526
The donor: recipient suspension (1:1), was plated onto CYE containing erythromycin (100 g mL -1 ). Kanamycin (50 g mL -1 ) was used to counter selection against the donor strain. Single 528 homologous recombination events were confirmed by PCR prior to overnight growth in CYE 529 followed by plating onto CYE containing 10% (w/v) sucrose to select for a second 530 recombination event. To identify a mutant, colonies were re-grown on CYE containing 10% 531 (w/v) sucrose and CYE containing erythromycin 100 g mL -1 . Erythromycin sensitive colonies 532 were screened for a double homologous recombination event by PCR targeting a region 533 deleted in the mutant. 534
Complementation of the Pseudomonas phoX mutant 535
To complement the Pseudomonas sp. BIRD1 phoX mutant with various APases, the 536 promoter for the native phoX:BIRD-1, was cloned into the broad-host range plasmid 537 pBBR1MCS-km 75 . The various APases were then subsequently cloned downstream of this 538 promoter via Gibson cloning. All plasmids were mobilised into the phoX mutant via 539 electroporation using a voltage of 18 kv cm -1 . Cells were immediately added to LB and 540 incubated for 2-3 h prior to selection on LB supplemented with 50 g mL -1 Kanamycin. All 541 subsequent experiments were performed using LB containing 50 g mL -1 Kanamycin to ensure 542 strains kept the plasmids. 543
Bioinformatics analysis 544
To determine the abundance of phoA, phoD, pstS, phoX genes in our newly isolated 545
Flavobacterium strains, traditional BLASTP searches were performed using previously 546 characterised genes. In some instances, certain genes were too distinct between different 547 taxonomic groups, so HMMer was used to perform a hmmsearch based on profile Hidden 548 Markov Models (pHMMs) (see Lidbury et al., 2017) . In addition, a 'function search' was 549 performed in IMG/JGI on either DSM2064 or Flavobacterium sp. F52 whose genomes have 550 been previously uploaded to this database. The pfam domain search option was used to identify if genes contained predicted pfam domains, such as Pfam05787 for PhoX and 552 Pfam00249 for PhoA. If DSM2064 or F52 had these orthologs these were used as query 553 sequences to BLASTP against the OSR isolates and LAO-5. Given the fact these isolates all 554 belong to the same genus, a high stringency was set (E -90 ) to try and remove any false positive 555 predictions. Depending on the specific gene/protein these various methods were also used 556 to determine the abundance of both previously characterised PHO regulon and newly 557 identified low Pi-responsive genes/proteins in either the 100 Flavobacterium genomes or the 558 100 plant-associated taxa genomes. In the case of several genes, the predicted amino acid 559 sequences were used to generate a phylogenetic tree to further determine the presence or 560 absence of an ortholog as opposed to a paralog. 561
To determine genome completeness, orthologs of core and metabolic genes identified 562 by 76 were identified in DSM2064 and F52 using IMG/JGI. Local BLASTP was then performed 563 on the OSR isolates and LAO-5 using DSM2064 orthologs as the query. 564
To determine potential protein structures of FI, FII and FIII, the online server interface 565 for SWISS-model homolog analysis was utilised (https://swissmodel.expasy.org/). Default 566 parameters were used to first determine suitable templates to build the model. 567
Phylogenetic analyses were performed using the software package MEGA7 77 . 568
Alignment of the various protein sequences was achieved using MUSCLE. Phylogenetic 569 distances were inferred using the p-distance model and evolutionary histories were inferred 570 using the maximum-likelihood method based on the JTT matrix-based model. 571
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Figure 2. (A)
Phylogenetic analysis of Flavobacterium isolates using a multi-locus approach with 10 single copy core genes (as previously described by Kolton et al. 2013 ).
Evolutionary distances were inferred using the maximum-likelihood method. The Brassica napus isolates (green circles) spread the breadth of terrestrial Flavobacterium strains and captured more diversity than DSM2064 and Israeli strains tested (green squares) or the Arabidopsis strains (olive green triangles). (B) BRIG analysis of the oilseed rape (OSR) isolates, F52, and four root-associated Flavobacterium strains compared against F. johnsoniae DSM2064 revealed common patterns of genomic architecture among the strains. Table S12 . Yellow squares indicate the presence of the given gene in a genome. Abbreviations: phoA, alkaline phosphatase A-like; pusCD, Pi-sensitive outer membrane SusCD-like complexes; fecR, iron-like transcriptional regulator; phnX, phosphonoacetaldehyde hydrolase; dao, oxidoreductase; gdpd, glycerolphosphodiesterase-like; ctpA, protease-like; deoB, Phosphopentomutase; dgdA, 2,2-dialkylglycine decarboxylase; gpmI1, 2,3-bisphosphoglycerate-independent phosphoglycerate mutase.
Figure 5. A)
Structural modelling of the abundantly secreted Pi-sensitive hypothetical exoproteins, FI, FII and FIII. SWISS homology modelling revealed that these hypothetical exoproteins share structural homology with pectate lyases/ characterised polygalacturonases found in Bacteria and Fungi. (B) Maximum-likelihood tree displaying the phylogeny of low-Pi inducible hypothetical exoproteins FI, FII, and FIII (light green represents DSM2064). The previously characterised classical polygalacturonases (Maroon, Dark Blue and Mustard) and other predicted polygalacturonases found in DSM2064 and F52 (Dark green) were also added to the analysis. (C) The genetic neighbourhood of the gene encoding FI, which was the most abundant protein in Pi deplete exoproteomes of DSM2064 and LAO5, illustrating co-localisation with various other low Pi-responsive genes in a genetic operon. (D) The gene encoding FII was co-localised with genes encoding the PHO regulon two-component regulatory system for the PHO regulon, phoBR, a Pi-sensitive tbdt/susC-like transporter, a putative outer membrane phosphate selective oprP. For OSR_004, the genes encoding the high affinity transport system, pstSABC were also co-localised in this region. For convenience, the difference in log2 LFQ intensities has been inversed compared to Figure 3 . (B) Complementation of the phoX Pseudomonas putida BIRD-1 mutant with different candidate phosphatase genes from F. johnsoniae DSM2064. phoX from Pseudomonas sp. BIRD-1 (PPUBIRD-1_1093) and phoA from E. coli were used as controls. Note that the phoX-like gene (Fjoh_2478) from F. johnsoniae DSM2064 did not restore APase activity in the mutant, whilst the two phoA-like (Fjoh_3249 and Fjoh_3187) genes did. Results presented are the mean of triplicate assays from three independent cultures. Error bars denote standard deviation. (Table S11 ) chosen from IMG/JGI. Genomes were categorised according to class to differentiate between Flavobacteria and Sphinogbacteria (B) Growth rates of either the mutant or wild type grown on glucose (20 mM) and various concentrations of Pi. (C) Competition experiments (n=3) between the mutant and wild type. Results plotted are the log2 of the ratio between wild type and mutant colony forming units (c.f.u.). Final cell counts varied from 10 6 to 10 9 c.f.u across the Pi concentrations gradients. Error bars denote standard deviation.
